Background: Increased oxidative stress leads to loss of glutathione (GSH). We have reported lower cerebral GSH in patients with secondary progressive multiple sclerosis (SPMS), indicating the involvement of oxidative stress in multiple sclerosis (MS) pathophysiology. Objective: This study expanded upon our earlier work by examining longitudinal changes in cerebral GSH in patients with SPMS in relation to their clinical status. Methods: A total of 13 patients with SPMS (Expanded Disability Status Scale (EDSS) = 4.0-6.5; MS duration = 21.2 ± 8.7 years) and 12 controls were studied over 3-5 years. GSH mapping was acquired from frontal and parietal regions using a multiple quantum chemical shift imaging technique at 3 T. Clinical assessments of the patient's disability included EDSS, gait, motor strength, ataxia, tremor, brainstem function and vision changes. Results: Brain GSH concentrations in patients were lower than those in controls for both baseline and 3-to 5-year follow-ups. Longitudinal GSH changes of patients were associated with their neurologist's blinded appraisal of their clinical progression. Patients judged to have worsening clinical status had significantly greater declines in frontal GSH concentrations than those with stable clinical status. Conclusion: GSH provides a distinct measure associated with the disease progression in SPMS, possibly due to its dynamic alignment with pathogenic processes of MS related to oxidative stress.
Introduction
For the majority of patients with multiple sclerosis (MS), the clinical course eventually changes from the relapsing-remitting multiple sclerosis (RRMS) to secondary progressive multiple sclerosis (SPMS) typified by continuous decline in neurological status without distinct relapses. 1 Magnetic resonance (MR) imaging has contributed to the notion that this conversion in the clinical presentation of MS may signify a shift in underlying pathology, from one dominated by recurrent inflammatory processes to neurodegeneration stemming from other pathological mechanisms such as glutamate excitotoxicity and oxidative stress. [2] [3] [4] [5] Increased oxidative stress has been suggested in the brain of patients with SPMS 6 using a noninvasive measure of cerebral glutathione (GSH) obtained through an innovative selective multiple quantum chemical shift imaging (CSI) technique at 3 T. 7, 8 GSH, a major endogenous antioxidant, plays a predominant role in protecting cells against oxidative damage by reactive oxygen species generated in the central nervous system (CNS), which are known to cause cellular damage, impaired cell function and eventual cell death. [9] [10] [11] During this protective process of detoxifying reactive oxygen species, GSH is either consumed during the formation of GSH-Sconjugates by GSH-S-transferases or converted to its oxidized form (GSSG) by GSH peroxidase. Thus, lower GSH concentrations serve as a marker of oxidative stress, indicating increased vulnerability to neurodegeneration. [11] [12] [13] [14] [15] Our previous study reported significantly lower cerebral GSH concentrations in patients with SPMS compared with age-and sex-matched healthy controls. Lower cerebral GSH has also been reported in a small sample of MS patients with unspecified disease subtypes. 16 In our previous study, cerebral GSH concentrations were positively related to patients' age at diagnosis, even when adjusted for differences in age. Both disease duration and disability on the Expanded Disability Status Scale (EDSS) 17 tended to be negatively related to GSH concentrations, although these correlations were not significant. The correlations between GSH concentrations and disability scores were attenuated by a restriction in the variability of the EDSS scores; all but 4 of the 17 SPMS patients had ratings of either 6.0 or 6.5. The disease progression of SPMS varies significantly among individuals, thus longitudinal follow-ups of patients will exhibit variability in disease status, and the changes in GSH concentrations over the disease course might align with changes in their clinical status.
In this study, we enrolled the same patients with SPMS and controls from our initial study to evaluate their cerebral GSH concentrations with follow-up scans 3-5 years later. The purpose of this study was (1) to determine whether the previously observed differences in GSH concentrations between patients and controls persisted over this extended period and (2) to examine the relationship between changes in patients' clinical status and oxidative stress using a longitudinal study design.
Methods

Participants
At least 3 years following our initial MR scans (Time 1) of 17 patients with SPMS and 17 healthy controls, follow-up scans (Time 2) were performed on 13 patients (10 females, 3 males) and 12 controls (11 females, 1 male), who were available and willing to volunteer. The interval between the scans ranged from 3.0 to 5.1 years (3.7 ± 0.3, mean ± standard deviation (SD)). Throughout the intervening period, all of these patients continued to be under the care of the same neurologist in the MS clinic. Despite the loss of four patients and five controls, the two groups remained closely similar in age (patients: 54.2 ± 8.6; controls: 54.6 ± 5.7) and in years of education (patients: 15.8 ± 1.5; controls: 15.8 ± 1.6). Patients' median disability score remained the same as the initial study (median EDSS = 6.0; range: 4.0-6.5). Their duration of disease at Time 2 ranged from 10 to 39 (21.2 ± 8.7) years. Healthy controls had no changes in their health status during the intervening period and remained free of disorders or conditions that could have possible neurological impact.
MR protocol
All MR scan protocols and setups for this longitudinal study were identical to our initial study 6 performed on a 3-T MR system (Allegra; Siemens, Erlangen, Germany) using a custom-built partial volume transmit/receive coil, a quadrature radiofrequency (RF) helmet coil. 18 The participants lay supine in the MR scanner, and a series of MR scans were performed identical to their initial MR scans at Time 1: (1) three-plane scout MR images to locate the volume of interest (VOI), a 3-cm axial slab positioned above the corpus callosum including the frontal to parietal regions; (2) localized automated shimming to optimize static magnetic field homogeneity in the CSI volume by adjusting all first-and second-order shim currents based on measured field maps; (3) conventional CSI for creatine measurement (slice thickness = 2 cm, matrix size = 16 × 16, field of view (FOV) = 20 × 20 cm 2 , VOI = 10 × 12 cm 2 , time to echo (TE)/repetition time (TR) = 30/2000 ms, and number of averages = 2); and 4) the selective multiple quantum CSI of GSH acquired from the selected CSI slice (slice thickness = 3 cm, matrix size = 8 × 8, FOV = 20 × 20 cm 2 , TE/TR = 115/1500 ms, spectral width = 2 kHz, and number of averages = 12). The CSI of GSH is based on a two-echo scheme, allowing simultaneous acquisition of the creatine signal, which serves as an internal concentration reference. The mean GSH/creatine ratio was calculated from the 5 × 5 × 3 cm 3 area located in the fronto-parietal region along with the anterior (2.5 × 5 × 3 cm 3 ) and posterior (2.5 × 5 × 3 cm 3 ) halves along the horizontal axis of this volume. Although the two halves do not correspond perfectly with the frontal and parietal regions, it is still reasonable and convenient to refer to the concentrations in these halves as "frontal" and "parietal." Creatine concentrations were quantified using the LCModel analysis package 19 and an external concentration reference method 20 that incorporates RF coil loading and the brain tissue volume. 21 Creatine concentrations in the fronto-parietal regions were obtained from the 5 × 5 × 2 cm 3 area located in the same fronto-parietal regions for GSH measurements.
Statistical analysis
The design of this study conformed to a 2 (Group) × 2 (Time) repeated-measures analysis of variance (ANOVA). The main effects being tested were whether there were overall differences in GSH concentrations between the patients and controls (Group) or over the course of the intervening period (Time). The interaction term tested whether changes in GSH concentrations over the intervening period differed between patients and controls. Independent sample t-tests were also performed to compare GSH concentrations between patients and controls at each time.
GSH values of two control subjects at Time 1 (4% of entire data) were unavailable due to subjects' motion during the scans. The missing values of these two subjects were substituted through multiple imputations using the automated, fully conditional specification procedure available in SPSS (version 22). Missing values were estimated on the basis of their age, sex, and existing frontal, parietal, and fronto-parietal GSH values at Time 1 and Time 2. A total of 10 imputations were performed for each missing value, and the resulting estimates were then averaged to represent the subject's score on the variable.
Clinical assessment of patients with SPMS
The neurologist's clinical assessment included the examination of patients' records and medical information such as the diagnosis and history of MS, medications, past medical history, demographics, MS subtypes by the Lublin-Reingold criteria, previous EDSS ratings, and evidence of recent worsening. EDSS 17,22 was assessed to evaluate patients' current level of disability. Other assessments of patients included evaluations of gait, motor strength, ataxia, tremor, brainstem abnormalities, and vision changes during their longitudinal follow-up visits of 3-5 years.
Results
Longitudinal assessment of GSH concentration changes
All GSH CSI showed clear and consistent GSH signals in the longitudinal scans ( Figure 1 ). GSH concentrations for patients and controls at the baseline scan (Time 1) and the longitudinal follow-up scan (Time 2) are summarized in Table 1 . A 2 × 2 (Group × Time) repeated-measures ANOVA performed on GSH concentrations in the frontal region showed significant main effects for Group (F = 19.99, degree of freedom (df) = 1, 23, p < 0.001, η 2 = 0.47) and Time (F = 6.41, df = 1, 23, p = 0.02, η 2 = 0.22) with no significant interaction (F < 1). The analysis of GSH concentrations in the fronto-parietal region showed similar outcomes for Group (F = 8.77, df = 1, 23, p = 0.007, η 2 = 0.28) and Time (F = 6.41, df = 1, 23, p = 0.02, η 2 = 0.22) with no significant interaction (F < 1). The analysis of GSH concentrations in the parietal region resulted in no significant main effects for Group (F = 2.36, df = 1, 23, p = 0.14, η 2 = 0.09) or Time (F = 3.51, df = 1, 23, p = 0.07, η 2 = 0.13) and no significant interaction (F < 1). The significant main effects for Time were due to lower frontal and fronto-parietal GSH concentrations when averaged across both patients and controls at Time 2 than at Time 1. The significant main effects for Group were due to lower frontal and frontoparietal GSH concentrations in patients than controls when averaged across the two time points. Independent sample t-tests comparing patients and controls at each time point showed that patients had significantly lower GSH in frontal and fronto-parietal regions at both time points compared with controls ( Table 1 ). The nonsignificant interactions indicate that the disparities between patients and controls in GSH concentrations were similar at each time point.
The average EDSS for patients with SPMS remained the same between Time 1 and Time 2 (median = 6.0). However, the individual disability ratings between the two time points showed that the clinical condition of some patients had declined, while others had remained the same or were slightly improved by a half-step. Therefore, the neurologist who had followed all the patients was asked to designate patients as having either "stable" or "worsening" clinical status during the course of this 3-to 5-year interval. The neurologist's blinded appraisal of patients' clinical progression, as either stable or worsening, was based solely on a review of the patient's medical records, and the neurologist was unaware of the outcome of MR scans including GSH concentrations. Seven of the patients were designated as "stable" and six as "worsening" in their clinical status during the intervening period. The percentage changes in each patient's GSH concentrations from Time 1 to Time 2 were compared for the stable and worsening subgroups of patients using a nonparametric statistical test (Mann-Whitney U test). The percentage change in frontal GSH was significantly different between stable and worsening subgroups (z = 2.29, p = 0.02) ( Figure 2 ), while those in fronto-parietal and parietal GSH were not significantly different between the two subgroups (p = 0.1 and p = 0.6). The worsening subgroup showed a decrease in frontal GSH by 14% in contrast to the stable subgroup showing a slight increase in frontal GSH by 2.8% from Time 1 to Time 2. Creatine concentrations, which were independently quantified using LCModel and used as a concentration reference for GSH, were not different between patients and controls at both Time 1 and Time 2 (p > 0.09). Furthermore, creatine concentrations did not differ between Time 1 and Time 2 in both patients and controls (p > 0.7).
Discussion
GSH concentrations in the frontal and fronto-parietal regions of patients with SPMS remained lower compared with those of controls 3-5 years after the initial scans. However, the differences between patients and controls were not appreciably different at Time 2 (effect size: frontal GSH: d = 1.24; fronto-parietal GSH: d = 0.90) than at Time 1 (frontal GSH: d = 1.36; fronto-parietal GSH: d = 0.90). Thus, the interactions between Group and Time were not significant. Furthermore, GSH concentrations at Time 2 were not highly correlated with those at Time 1 in patients (frontal GSH: r = 0.29; fronto-parietal GSH: r = 0.42; both ps > 0.15). These findings suggest the dynamic nature of GSH measures due to the reversible reactions that depend on the current status of oxidative stress, in contrast to measures such as brain volume or N-acetylaspartate (NAA), which presumably reflects cumulative neurodegeneration through neuronal loss.
The question remains whether changes in GSH concentrations are aligned with changes in patients' clinical status over time. This study provided only limited information regarding this matter because only modest changes occurred in patients' disability levels; that is, the change on EDSS was between 0 (n = 4) and ±0.5 (n = 5) for 9 of the 13 patients. Previous longitudinal studies have shown that at higher levels of disability, the EDSS is not very sensitive to changes in a patient's disability over time. 23 Thus, patients could remain at the same EDSS for long periods of time in spite of the deterioration of their clinical condition. Furthermore, minor changes in factors such as gait, motor strength, ataxia, tremor, brainstem abnormalities, and vision upon which the EDSS is based cannot be easily quantified. Instead of relying exclusively on the EDSS, we sought further evidence of clinical status changes based on the neurologist's evaluation of the patient performed during multiple routine neurological examinations over the course of the intervening period; on the basis of this evidence, the neurologist categorized the sample into subgroups of patients with worsening or stable clinical status. When the patients' clinical status was compared with their GSH concentrations, those with worsening clinical status had a greater decline in frontal GSH concentrations than those with stable clinical status. In fact, clinically stable patients showed no changes or even slight increases in GSH concentrations from baseline. This suggests an involvement of oxidative stress in disease progression of MS and the possibility that cerebral antioxidants may play an important role in disease activity and treatment. Whereas these results are interesting, they may be considered preliminary due to the small sample size. Replication of this study with a larger sample of patients is necessary to properly establish the relationship.
Our results indicate that the frontal region may be more sensitive to MS pathology linked to oxidative stress as frontal GSH showed the most changes in patients with worsening clinical status compared to those with stable clinical status or controls than parietal GSH. The reason why frontal GSH concentrations are more affected than parietal GSH is unclear. A possible explanation to this observation is the tissue composition differences in the frontal and parietal VOIs with gray matter fractions of 52% and 47%, respectively. Together with the previous reports of selective alteration of GSH in gray matter in MS, 16 the differences in tissue composition could in part explain the observed regional differences of GSH alterations. One limitation of this study is the use of creatine as an internal concentration reference as creatine concentrations might be altered in pathological conditions including MS. [24] [25] [26] [27] However, quantified creatine concentrations were not different at both time points (Time 1 and Time 2), which supports the validity of the use of creatine as a concentration reference. Therefore, it is not likely that GSH differences and changes observed in this study are due to potential changes in creatine concentrations.
Although significant technical advances have been reported in detecting neurochemicals using MR spectroscopy techniques, in vivo measures of neurochemicals that are presumably aligned with specific pathogeneses or disease mechanisms are as yet few in number. In particular, the capability of examining the role of oxidative stress in MS afforded by in vivo assessment of GSH in the living human brain is still new. The work described here may provide useful ideas as to how this capability should be exploited in future clinical studies to gain better understanding of disease activity and progression and to evaluate the efficacy of treatments and interventions linked to altering ongoing oxidative stress. Further studies may help to determine whether this technique can be used to track disease activity.
Conclusion
In 
